Selective BRAF inhibitors have now been established as a standard of care option for patients diagnosed with metastatic melanoma whose tumors carry a BRAF mutation. Their successful development represents a milestone in the treatment of this disease, and has the potential to impact therapy for other malignancies as well. The use of these agents, however, has introduced a number of critical questions regarding the optimal use and selection of patients for BRAF inhibitor therapy. This review discusses the current status of BRAF inhibitor clinical development, the clinicopathologic features of BRAF mutated melanoma, as well as strategies for overcoming resistance.
Introduction
Metastatic melanoma has proven to be an exceedingly difficult disease to treat, and long term survivors are rare (1) . It is resistant to most chemotherapeutic agents, and an understanding of the biology that drives the disease had lagged behind that of other malignancies. In the past several years, however, a number of advances have been made which have had important therapeutic implications. One of these is the discovery of BRAF as a contributor to melanoma oncogenesis in a large proportion of patients (2, 3) . From its discovery as an oncogene ten years ago to the clinical development of selective BRAF inhibitors, BRAF represents a success story for translational oncology research. This review summarizes the current data regarding BRAF inhibitor clinical development, the clinicopathologic features associated with BRAF mutated melanoma, and provides insight into future directions and potential combination strategies to overcome resistance to BRAF inhibitor therapy.
Pathway Overview
BRAF has garnered a great deal of attention in recent years, as a high frequency of mutations have been reported in a number of malignancies, including melanoma, papillary thyroid cancer, and most recently hairy-cell leukemia, in all accounting for 7-8% of all cancers (4, 5) . As part of the mitogen-activated-protein kinase (MAPK) pathway, it serves to transmit signals from activated cell surface growth factor receptors to numerous intracellular effectors, including transcription factors and regulators of apoptosis ( Figure 1 ) (6, 7) . The RAF-MEK-ERK signaling cascade is the best characterized MAP kinase pathway in cancer, and mutated BRAF results in constitutive activation, ultimately resulting in unregulated cell proliferation and growth (8) . where it appeared that a high percentage of melanomas had a mutation (2) . All of the mutations identified in this study were within the kinase domain at exons 11 or 15, with the vast majority being due to a single point mutation at amino acid position 599 (now known as 600), which resulted in the substitution of a glutamic acid for valine,V600E. A number of other mutations have been identified, including V600K, which as the second most common variant, accounts for approximately 15-30% of BRAF mutations in melanoma (9, 10). Interestingly, these mutations are distinct from those that would be expected from exposure to ultraviolet radiation (11) . It is now known that BRAF mutations are present in approximately 50-60% of cutaneous melanomas, as well as at lower frequencies in other melanoma subtypes (12) . Uveal melanoma, however, remains an exception, with no BRAF mutations identified to date (13, 14) .
BRAF mutation testing
An RT-PCR based assay using the cobas® 4800 system was used to select patients for enrollment onto clinical trials with vemurafenib (15) (16) (17) . This assay was subsequently approved for use in conjunction with vemurafenib as a companion diagnostic test. Specifically designed to detect the V600E mutation using formalin-fixed paraffin embedded tissue, it also has the capability to detect other V600 variants, albeit with less sensitivity and specificity. When compared to bi-directional sequencing, there appears to be 97% agreement in detecting the presence of the V600E mutation. However, in 38 patients who were confirmed to have a V600K mutation with direct sequencing, the assay detected at mutation in 25 patients, a 66% rate of agreement (18) . Subsequent analyses from patients treated on phase II and III trials with vemurafenib demonstrate similar rates of agreement and detection of the V600K variant (19). As mutations in BRAF appear to be an early event in melanomagenesis, archival samples, or the primary lesion could potentially be used, as there appears to be a high degree of concordance between primary lesions and metastases (9, 20-22). However, out of concern for the possibility of both intra-and inter-tumor heterogeneity, it is preferable to determine BRAF status from the most recently available metastatic tissue (23-25).
Overview of BRAF inhibitor development
Targeted inhibition of this signaling cascade translates into meaningful clinical benefit for patients with metastatic melanoma, results that have now been verified in two phase III trials using vemurafenib and dabrafenib (26, 27). Initial attempts, however, to target BRAF were unsuccessful. Sorafenib was among the first RAF targeted therapies to be developed in melanoma, with ample preclinical data to support this strategy (28, 29). Initially developed as a RAF-1 inhibitor, early trials did not show promising results (30, 31). Subsequent studies revealed that BRAF mutations were not predictive of a clinical response to sorafenib, either alone or in combination, and cast doubt on the viability of BRAF as a target in melanoma (32-34). One potential explanation is that sorafenib has a higher affinity for other RAF isoforms as well as other pathways, thereby limiting its on target effects (35). A novel structure guided development strategy subsequently led to the development of PLX4032, a BRAF inhibitor designed to selectively bind the mutant form of BRAF,(36). Highly selective BRAF inhibitors demonstrated marked inhibition of ERK phosphorylation in tumors, with resultant impressive clinical responses-establishing that BRAF mutant melanomas are highly dependent on sustained BRAF kinase activity (15) . The selective signaling effect of these agents appears to account for their therapeutic index in comparison to sorafenib. In a phase I/II study of the compound PLX4032, 26 of 32 BRAF mutant patients in the dose extension cohort demonstrated a response, with median progression free survival for all patients estimated at more than 7 months (15 
Toxicity
While manageable for most patients, some toxicities related to BRAF inhibitor therapy do require coordinated multidisciplinary management. In clinical trials of vemurafenib, the most common side effects reported have been arthralgias, rash, fatigue, nausea, and alopecia. In addition to rash, photosensitivity is common and has the potential to result in severe burns. This can often be prevented with sunscreen or sun avoidance, and does not necessarily require a dose reduction. Additionally, cutaneous squamous cell carcinomas (SCCs) or keratoacanthomas have been reported in approximately 20% of patients treated with vemurafenib (17) . Dabrafenib also appears to be well tolerated, with a similar toxicity profile ( was reported, cutaneous SCCs and keratoacanthomas may occur less frequently than in patients treated with vemurafenib (27, 39). Grade 2 or 3 pyrexia appears to be a more common event with dabrafenib, though it was only seen in a minority of patients (27, 37-39).
Among the most concerning treatment-related events with selective BRAF inhibitors has been the development of additional malignant or pre-malignant lesions. With regards to cutaneous SCCs, recent data suggests that many of these lesions harbor mutations in HRAS, resulting in activation of the MAPK pathway and accelerated growth (40) . This link appears to underlie the appearance the emergence of a KRAS mutant leukemia in a melanoma patient with a history of myelodysplastic syndrome (41) . Updated analyses have also reported the development of atypical melanocytic lesions or new primary melanomas in some patients treated with selective BRAF inhibitors (26, 42, 43) . While a limited number of samples are available, the majority of these lesions appear to BRAF wild type, though an NRAS mutation and a rare BRAF mutation variant have been identified (43, 44) . It is therefore advisable for these patients to be followed by a dermatologist regularly while on therapy, and evaluated promptly if a concerning lesion is noted. These lesions can be adequately managed with standard local therapy, as there have been no reports of metastasis to date. Additionally, with longer term follow up, the development of colonic adenomas has been reported in patients treated with BRAF inhibitors (45) . As the use of these agents is investigated in the adjuvant setting, defining guidelines for screening will become critical.
In many ways, the successful targeting of BRAF in melanoma is translational medicine at its best: a potential oncogenic target was identified and successfully brought to clinical fruition.
But resistance to BRAF inhibitor monotherapy emerges rapidly in some patients and, on average, 6 to 8 months after initiating therapy amongst a population of patients treated. In an effort to better define characteristics of patients who derive longer term benefit and to devise rational combination therapy strategies, a deeper understanding of the clinicopathologic features and behavior of BRAF mutated melanoma is needed.
Clinicopathologic features
BRAF mutations appear to be more common on body sites that are intermittently exposed to the sun compared to areas with evidence of chronic sun exposure or no sun exposure, as is the case with mucosal and acral lentiginous melanomas (46) . This partially explains the observation that BRAF mutant melanomas have fewer genetic aberrations than those arising on chronically sun-exposed skin. Additionally, evidence suggests that the BRAF mutation frequency and type may vary by age (10) . In an analysis of 312 patients with unresectable stage IIIC or IV melanoma, BRAF mutations appeared to be more frequent in younger patient populations, with an incidence of around 80% in patients under age 40. Interestingly, while the overall incidence of BRAF mutations remained at approximately 50% for older patients, the proportion V600K mutations appears to be higher with increasing age (10) . This has important therapeutic implications, as patients with BRAF Importantly, preclinical data from other tumor types suggests that an even smaller subpopulation of BRAF mutations (particularly those that affect exon 11) are likely completely unresponsive to selective BRAF inhibitors and will require a different therapeutic strategy (47).
BRAF as a prognostic marker
While clearly a predictive marker for response to BRAF targeted therapy, the role of BRAF as a prognostic marker continues to be an important consideration as treatment strategies shift towards the adjuvant setting. A body of retrospective evidence points to BRAF as a potential marker of poor prognosis. An analysis of 223 patients diagnosed with a primary melanoma at M.D. Anderson suggests that BRAF mutated primary melanomas may be more frequently associated with prognostic factors that traditionally have carried a poorer prognosis, such as ulceration, when compared to wild type tumors (48). In this analysis, patients with either BRAF or NRAS mutations, which also result in activation of the MAP kinase pathway and are found in 15-20% of melanomas, tended to present with a higher stage of disease when compared to patients who were wild type for both genes, although overall survival was similar amongst the genotypes when stratified by stage. In another retrospective analysis of 105 patients with stage III melanoma, median OS appeared to be worse in patients with a BRAF mutation (49). In the setting of metastatic disease, data suggests that the specific type of BRAF mutation may have prognostic implications. In an analysis of 308 patients who were prospectively followed, patients with BRAF the overall population of BRAF mutant versus BRAF wild type patients (10) . This cohort uniquely included three subsets of patients: those who were BRAF wild type, as well as BRAF mutant patients who did and did not receive BRAF inhibitor therapy. In the cohort of patients with newly diagnosed melanoma, patients with BRAF mutations who received BRAF targeted therapy had a significantly improved median OS (>18 months) when compared to those who did not receive these agents (6.5 months p < 0.001). Median overall survival for BRAF wild type patients was not significantly different from the cohort of patients with BRAF mutant melanoma who did not receive a BRAF inhibitor. True assessments of the independent prognostic value of BRAF mutations will likely be limited in the era of effective targeted BRAF inhibitors, however, it is possible that different BRAF mutation subtypes may represent distinct subsets of metastatic disease.
Mechanisms of Resistance and Combination Strategies
While the majority of patients with a BRAF mutation will benefit from BRAF inhibitor therapy, approximately 10% of patients with a BRAF V600E mutation have tumor progression early in the course of therapy (15) . Furthermore, despite seeing an initial and sometimes dramatic clinical response, the vast majority of patients have residual tumor following maximal response and most ultimately relapse in less than a year, raising important questions regarding the etiology of both primary and acquired resistance. It is likely a heterogeneous process across the BRAF mutant melanoma population, and a recent report suggests that distinct mechanisms may contribute to resistance at different metastatic sites even within the same patient (Figure 2 ) (50). This is an area of research where the full picture is still unfolding, and gaining further insight will remain critical to the development of rational strategies to effectively overcome resistance.
Research. 
Initially, MAPK reactivation was proposed as a primary mechanism of resistance, but it is now becoming clear that alternative pathways also play a critical role.
In contrast to oncogene targeted therapies that have been used with success in other malignancies, resistance to BRAF inhibition does not appear to be due to the accumulation of dabrafenib alone. The response rate was improved from 54% to 76% and progression free survival was significantly improved, with 41% progression-free at one year on the full dose dabrafenib/trametinib combination versus 9% on dabrafenib monotherapy (39). Interestingly, the appearance of cutaneous SCCs and other hyperproliferative skin lesions seen with BRAF inhibitor monotherapy appeared to be reduced with combination therapy, as these lesions are thought to be due to reactivation of the MAPK pathway and may be abrogated by MEK inhibition. Until further insights are gained regarding resistance mechanisms in certain subpopulations of the BRAF mutant melanoma population, BRAF/MEK combination therapy appears likely to become the new standard treatment for these patients.
Alternative mechanisms outside of the MAPK pathway may also prove to be important mediators of resistance to BRAF inhibition, including the PI3 kinase (PI3K) pathway with or without loss of PTEN, activation of IGF-1R, PDGFR-β, as well as hepatocyte growth factor (52, 66-69). The observation that BRAF inhibition has the potential to affect the host immune response also supports a strategy exploring the combination with immunotherapy, though which type of agent to employ remains uncertain (70) . A number of clinical trials testing these hypotheses are planned or are currently underway, as summarized in Table 3 (71) .
Conclusions
The development of selectively targeted BRAF inhibitors represents a major breakthrough in the treatment of melanoma, as these agents have now shown an improvement in overall survival when compared to standard chemotherapy. These agents represent a reasonable first line option for patients with BRAF 
